Clathrin and AP1B: Key roles in basolateral trafficking through trans-endosomal routes  by Gonzalez, Alfonso & Rodriguez-Boulan, Enrique
FEBS Letters 583 (2009) 3784–3795journal homepage: www.FEBSLetters .orgReview
Clathrin and AP1B: Key roles in basolateral trafﬁcking through
trans-endosomal routes
Alfonso Gonzalez a,b,*, Enrique Rodriguez-Boulan c,*
aDepartamento de Inmunología Clínica y Reumatología, Facultad de Medicina, Centro de Regulación Celular y Patología and Centro de Envejecimiento y Regeneración,
Facultad de Ciencias Biológicas, Pontiﬁcia Universidad Católica de Chile, 6510260 Santiago, Chile
bMillennium Institute for Fundamental and Applied Biology, 7780344 Santiago, Chile
cMargaret Dyson Vision Research Institute, Weill Medical College of Cornell University, New York, NY 10065, USA
a r t i c l e i n f o a b s t r a c tArticle history:
Received 4 September 2009
Revised 15 October 2009
Accepted 20 October 2009
Available online 23 October 2009
Edited by Alberto Luini
Keywords:
Epithelial polarity
Sorting
Clathrin
Adaptor
Endosome0014-5793/$36.00  2009 Federation of European Bio
doi:10.1016/j.febslet.2009.10.050
Abbreviations: ASE and BSE, apical and basolater
asialoglycoprotein receptor; ClC-2, chloride channe
endosomes; EGFR, epidermal growth factor; EPP, epi
endoplasmic reticulum; GPI, glycosyl-phosphatidylin
protein; HA, inﬂuenza hemagglutinin; HRP, horse ra
density lipoprotein receptor; LRP1, low-density lipopr
1; M6PR, mannose 6-phosphate receptor; PM, plasm
munoglobulin receptor; PKD, protein kinase D; R
transferrin; TfR, Tf receptor; TGN and TGF-a, trans Go
growth factor a; VSVG, vesicular stomatitis virus G; W
* Corresponding authors. Fax: +56 2 2229995 (A.G
(E. Rodriguex-Boulan).
E-mail addresses: agonzara@med.puc.cl (A. Gonza
(E. Rodriguez-Boulan).Research following introduction of the MDCKmodel system to study epithelial polarity (1978) led to
an initial paradigm that posited independent roles of the trans Golgi network (TGN) and recycling
endosomes (RE) in the generation of, respectively, biosynthetic and recycling routes of plasmamem-
brane (PM) proteins to apical and basolateral PM domains. This model dominated the ﬁeld for
20 years. However, studies over the past decade and the discovery of the involvement of clathrin
and clathrin adaptors in protein trafﬁcking to the basolateral PM has led to a new paradigm. TGN
and RE are now believed to cooperate closely in both biosynthetic and recycling trafﬁcking routes.
Here, we critically review these recent advances and the questions that remain unanswered.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction re-arrangements and a Polarized Trafﬁcking Machinery [1]. TheThe ability to generate apical and basolateral plasma membrane
(PM) domains is a key property of epithelial cells, essential to carry
out vectorial functions in secretion and absorption. These vectorial
functions are, in turn, necessary for the maintenance of the internal
medium and survival of the organism. Epithelial cells generate
their strikingly polarized phenotype through an epithelial polarity
program (EPP). The EPP coordinates the activity of polarity proteins
(Crumbs, Par and Scribble Complexes), polarity lipids (PIP2, PIP3)
and positional information provided by cell–cell and cell–adhesion
molecules to assemble epithelial-speciﬁc tight junctions, cytoskeletalchemical Societies. Published by E
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lez), boulan@med.cornell.eduPolarized Trafﬁcking Machinery achieves the major goal of the
EPP, i.e. to localize different proteins at the apical and basolateral
domains of the PM, by sorting newly synthesized proteins into
distinct Biosynthetic Routes (Fig. 1A), and endocytic receptors into
distinct Recycling/transcytotic Routes (Fig. 1B), to perform key
metabolic functions for the cell or the organism at apical or baso-
lateral domains of the PM.
The ﬁrst glimpse on how newly synthesized proteins are sorted
in epithelial cells was provided by studies carried out before the
cloning era. These studies used the envelope glycoproteins of
RNA viruses that bud asymmetrically from polarized MDCK mono-
layers in vitro, as model apical and basolateral PM proteins [2–4].
They demonstrated that newly synthesized apical (inﬂuenza hem-
agglutinin (HA)) and basolateral (vesicular stomatitis virus G
(VSVG)) proteins were synthesized at the endoplasmic reticulum
(ER), transported to the Golgi apparatus and sorted at the trans
Golgi network (TGN), into different populations of transport vesi-
cles that fused with the corresponding PM domains (reviewed in
[5]) (Fig. 1A).
Parallel studies in MDCK and other epithelial cell lines (e.g. hu-
man intestinal cell line Caco-2) demonstrated that epithelial cells
possess an extensive endosomal system that can internalize as
much as 40% of the PM per hour [6] (Fig. 1B) and can sort recycling
and transcytosing PM proteins from soluble proteins targeted forlsevier B.V. All rights reserved.
Fig. 1. Biosynthetic and recycling routes in MDCK cells: the new paradigm. (A and B) The early paradigm. Early studies suggested the concept that biosynthetic and recycling
routes of plasma membrane (PM) proteins were totally segregated, with separate sorting centers. Studies with viral envelope glycoproteins as model PM proteins suggested
the concept that the TGN was the major sorting station in the biosynthetic route. Here, apical and basolateral PM proteins were sorted into different carrier vesicles that were
then targeted to and fused with the corresponding PM domains (routes A and B). Only lysosomal hydrolases (route C) and some receptors involved in immunological defense
were believed to use a direct route from TGN to endosomes. Recycling PM proteins (e.g. low-density lipoprotein receptor (LDLR), TfR) are internalized into separate sets of
apical and basolateral sorting endosomes (ASE and BSE), where they are segregated from soluble proteins targeted to late endosomes (LE) and the degradation (deg) pathway
in lysosomes (Lys). They are then mixed in deeper common recycling endosomes (CRE), the main sorting center in the recycling route, and sorted into different recycling
routes to the apical and basolateral PM (routes AR and BR1). The apical recycling route includes an intermediate compartment called the apical recycling endosome (ARE),
which is also an intermediate in the apical transcytotic (AT) route of the pIgR. A fast basolateral recycling route was also described from BSE (route BR2). (C) The new
paradigm. Studies in the past decade have established the existence of a variety of routes followed by newly synthesized PM proteins to the different sets of apical and
basolateral endosomes. Many basolateral proteins are transported (via route B2) to CRE (e.g. VSVG, TfR in recently polarized MDCK) where they are sorted to the basolateral
membrane (route BR1). Other PM proteins (e.g. LDLR, TfR in fully polarized MDCK) may bypass this compartment presumably using a direct route from TGN to PM (route B1).
A route from CRE to BSE (route B3?) remains hypothetical and has been proposed for pIgR. Apical proteins can follow a route that traverses ARE (e.g. endolyn; route A2) or ASE
(e.g. inﬂuenza hemagglutinin (HA); route A3).
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endocytic receptors such as transferrin receptor (TfR) and low-den-
sity lipoprotein receptor (LDLR) and the transcytotic polyimmuno-
globulin receptor (pIgR) have been documented in elegant live
imaging experiments [8,9]. These experiments showed that inter-
nalized apical and basolateral PM proteins are segregated from sol-
uble proteins targeted for lysosomal degradation [10] in apical and
basolateral sorting endosomes1 (ASE and BSE), also called Apical
and Basolateral Early Endosomes (AEE or BEE), and are mixed in dee-
per common recycling endosomes (CRE) where they are sorted into
different apical and basolateral recycling routes (see Refs. [9,12]. The
apical recycling route includes an additional compartment, the api-
cal recycling endosome (ARE) [13], an apical pericentriolar structure
with a pH more neutral than CRE [8] that is also involved in basolat-
eral-to-apical transcytosis [13,14] and the apical biosynthetic route
[15] (reviewed by [16]). Functionally, BSE and CRE are deﬁned as
the compartments reached by basolaterally added transferrin (Tf)
after 2.5 and 25 min, respectively [17]. A substantial fraction of Tf
internalized into BSE (65%) quickly returns to the basolateral surface
while the remaining 35% reaches CRE and accumulates there at stea-
dy state since the recycling kinetics from this compartment are slower
than those of BSE [18]. A subset of receptors, such as low-density
lipoprotein receptor-related protein 1 (LRP1), rapidly recycles from
BSE using a speciﬁc sorting machinery provided by a sorting nexin
[19]. CRE is also reached by apical PM proteins [8,9,12] and thus is
the major sorting site for apical and basolateral PM proteins in the
endocytic route. For 20 years, this recycling route was believed to
operate largely independently of the biosynthetic route, which
utilized the TGN as its major sorting compartment [20]. However,
work over the past decade has demonstrated that newly synthesized
PM proteins may move from the TGN to RE, where they are efﬁ-
ciently sorted into apical and basolateral transport routes (Fig. 1C).
2. The trans-endosomal route for newly synthesized PM
proteins
Trafﬁcking routes between TGN and endosomes (and vice versa)
have long been described but were believed to be specialized
transport routes for lysosomal proteins via mannose 6-phosphate
receptor (M6PR) [21] or for PM receptors involved in immunolog-
ical defense, such as histocompatibility class II antigen-invariant
chain complexes [22]. However, biochemical studies over the past
decade have provided growing evidence for the participation of
endosomal compartments in biosynthetic trafﬁcking of PM pro-
teins in both yeast [23] and mammalian cells (for recent reviews
see [15,24]. In MDCK cells, radioactive pulse-chase and cell frac-
tionation experiments [13,25,26] detected newly synthesized pro-
teins in endosomal fractions before arrival at the cell surface. More
recently, additional evidence for the trans-endosomal route has
emerged from endosomal ablation experiments [27–30], live-cell
imaging [28,31,32] and quantitative confocal microscopy [33]
and polarized trafﬁcking assays for newly synthesized and recy-
cling PM proteins [34]. Proteins detected in endosomal compart-
ments during biosynthetic delivery include basolateral proteins
such as TfR [26,31,34], asialoglycoprotein receptor (AGPR)
[25,35], pIgR [27], VSVG protein [28,31,34] and E-cadherin
[30,32], and apical proteins such as p75 neurotrophin receptor,
endolyn, HA, glycosyl-phosphatidylinositol (GPI)-anchored pro-
teins [29] and the intestinal hydrolases sucrase-isomaltase and lac-
tase-phlorizin hydrolases [33].1 The nomenclature we use here to name endosomes in polarized cells is based on
the nomenclature used in non-polarized cells [11] where early endosomes are
classiﬁed into superﬁcial ‘‘sorting endosomes” that sort membrane proteins from
soluble proteins targeted to late endosomes and deeper ‘‘recycling endosomes” that
recycle membrane proteins back to the cell surface.Initial reports supporting the trans-endosomal route were re-
ceived with skepticism as they did not deﬁne precisely the nature
of the endosomal compartments involved and EM [36] and early
live imaging studies following green ﬂuorescent protein (GFP)-
tagged PM proteins [37–39] failed to detect trans-endosomal
trafﬁcking. Skepticism was compounded by the fact that the
conclusions from biochemical pulse-chase experiments and cell
fractionation required the isolation of pure endosomal populations,
an experimentally difﬁcult task. It was also argued that, even if this
trans-endosomal route existed, it might be a minor detour path-
way rather that a major route to the PM. The percentage of a fast
moving protein detected in a particular compartment does not
necessarily reﬂect the proportion of the protein traveling through
that compartment. An attempt to circumvent this problem has
been to study the effects on biosynthetic trafﬁcking of ablating dif-
ferent classes of endosomal compartments with horse radish per-
oxidase (HRP), used either as ﬂuid phase endosomal marker or
coupled to the appropriate membrane-bound endosomal marker
(e.g. Tf-HRP), followed by treating the cells with diamino benzidine
and H2O2 to induce the formation of an insoluble precipitate. The
method was originally introduced to purify endosomes based on
density shift [40] and was modiﬁed by Apodaca et al. [13] to isolate
apical endosomal compartments and by Orzech et al. [27] to study
the involvement of endosomes in biosynthetic basolateral trafﬁc of
pIgR. Examples of endosomal ablation include incubation of MDCK
cells with HRP, which reach mainly early endosomes but not CRE
or ARE, or with membrane-bound ligands such as Tf-HRP or wheat
germ agglutinin (WGA) coupled to HRP (WGA-HRP) added either
apically or basolaterally for different times to reach ASE (or AEE),
BSE (or BEE) or CRE [17,27–29]. For instance, basolaterally added
Tf-HRP for 5 or 20 min is used to label BSE or CRE [17,28], while
apically added WGA-HRP for 15 min is used to label ASE (or AEE)
but not ARE [29]. The arrival of basolateral and apical PM proteins
at the respective PM domain is then followed biochemically using
pulse-chase and surface biotinylation, ﬂow-cytometry or imaging
of GFP-tagged PM proteins. These experiments have shown that
ablation of CRE with basolaterally loaded Tf-HRP selectively inhib-
ited (85%) the basolateral delivery of VSV G protein [28] but not the
apical delivery of inﬂuenza HA or endolyn [29]. By contrast, the
apical delivery of HA and a GPI-anchored version of endolyn was
inhibited (50%) by ablation of ASE (or AEE) with WGA-HRP
[29]. Interestingly, the apical trafﬁcking of p75 neurotrophin recep-
tor (p75) or endolyn (anchored normally via a transmembrane do-
main) was not affected by ablation of either CRE or ASE (or AEE),
but was inhibited by expression of dominant negative myosinVb
tail, believed to be involved in transport from ARE to the apical
membrane [29]. These experiments suggest that different PM
proteins migrate through speciﬁc endosomal compartments before
arrival to their respective PM domain.
However, ablation experiments have limited resolution and are
not free of artifacts, leading to potential interpretation problems.
Early experiments showed that the basolateral route of pIgR is sen-
sitive to inhibition by endosome ablation with WGA-HRP added
apically and by HRP added basolaterally, interpreted at that mo-
ment as biosynthetic trafﬁcking through CRE or ARE and BEE
[27]. These initial experiments do not allow to resolve the route
followed by pIgR towards BEE (e.g. direct from the TGN or indirect
via CRE?) and more recent evidence suggested that apically added
WGA-HRP affects ASE but neither ARE nor CRE [27]. Furthermore,
Henry and Sheff reported that RE ablation with Tf-HRP resulted
in mis-sorting of newly synthesized VSVG to the apical plasma
membrane rather than in the entrapment of the protein at RE
[17] reported by other studies [28,29]. Hence, this type of experi-
ment, they reasoned, might not allow one to discern between
two very different conclusions: (i) the cargo itself traverses the
ablated compartment or (ii) the cargo is blocked at a proximal
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TGN sorting machinery (in this example) is trapped in the ablated
endosomal compartment and cannot recycle to the TGN. Thus, they
suggest that ablation experiments may have indirect effects on
trafﬁcking and must be interpreted with caution.
Given the problems associated with pulse-chase/cell fraction-
ation and endosomal ablation approaches, the most direct ap-
proach to identify a trans-endosomal route for a given PM
protein is quantitative live-cell imaging in combination with phys-
iologically relevant strategies to block or interfere the function of a
particular group of endosomes. To date, two main approaches,
based on temperature-sensitive trafﬁcking blocks, have been uti-
lized to follow the fate of GFP-tagged cargo proteins previously
accumulated at the ER or the TGN: (i) ER block using temperature
sensitive (ts) VSVG-GFP: ts VSVG reversibly accumulates in the ER
at 39 C; a luminal patch in VSVG is responsible for the tempera-
ture sensitivity and can be modularly coupled to a variety of cyto-
plasmic domains of different basolateral proteins to study their
intracellular routing [41] (ii) TGN block at 20 C: a given GFP-
tagged apical or basolateral protein expressed by vector microin-
jection is accumulated at the TGN using the 20 C temperature
block and then released by temperature shift to follow the post-
TGN trafﬁcking [42,43]. A major difﬁculty in assessing transport
from TGN to RE is the fact that CRE are very closely apposed to
the TGN in the perinuclear region and passage through CRE can
be very fast. Thus, initial application of this approach to study
the transport of VSVG-GFP from TGN to RE was not quantitative
[28] and therefore failed to measure the magnitude of this process.
One solution to this problem was the utilization of techniques to
acutely inhibit the machinery involved in exit of basolateral pro-
teins from RE: this approach is discussed in detail below [31].Table 1
Variations in basolateral sorting signals.
Residues tested by site-directed mutagenesis: Red, predominant; Green, minor contribu3. Apical and basolateral sorting signals are required for
polarized trafﬁcking
The almost simultaneous discovery of apical and basolateral
signals in late 1980s and early 1990s demonstrated that transport
to the plasma membrane of both apical and basolateral proteins
was signal-mediated. Early transfection experiments in MDCK cells
suggested that inﬂuenza HA and VSV G protein had sorting infor-
mation within their anchoring or cytosolic domains [44–46]. Since
then, considerable progress has been made in understanding the nat-
ure of apical and basolateral sorting signals [5]. Apical sorting signals
involve information contained in either the luminal (N-glycans,
O-glycans), membrane-bound (GPI, transmembrane domain of
HA) or cytoplasmic (dynein binding sites in rhodopsin) domains
of the cargo protein [15]. Functional expression of apical informa-
tion can require [47] or be independent of glycosylation [48,49].
The sorting roles of carbohydrates and the participation of sorting
lectins in the apical pathway remain relatively unknown [50,51],
although some important progress has recently taken place [15].
Basolateral signals and their decoding mechanisms are better
understood. Simple motifs contained in the cytoplasmic domain
of the cargo protein, most frequently similar to tyrosine – (YxxU;
U is a bulky hydrophobic residue) or dileucine – based endocytic
signals (Table 1) direct basolateral sorting [52–59]. In spite of their
similarity with endocytic signals, sometimes collinear with them
[19,57,60], tyrosine motifs in basolateral sorting signals often do
not have the ability to promote internalization at the PM. This is
the case with the distal basolateral sorting signal of the LDLR and
the sorting signal of VSVG protein [55,56]. Other basolateral signals
are constituted by single leucine/acidic patch motifs as in CD147
[61] or by sequences not yet resembling any other basolateraltion.
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dermal growth factor receptor (EGFR) [64], ErbB2 [65], and trans-
forming growth factor a (TGF-a) [66].
Studies in perforated MDCK cells showed that basolateral signal
peptides blocked selectively the transport of basolateral proteins
out of the TGN [67], thus demonstrating a requirement for speciﬁc
trafﬁcking information in the basolateral routes between TGN and
the PM. An extension of this approach that used membrane-
permeant peptides to interfere the basolateral trafﬁc in live
cells [68], demonstrated that the TGN can discriminate between
different basolateral proteins, indicating diversiﬁcation of sort-
ing-mediated basolateral pathways [31,34,69]. Interestingly, func-
tion-blocking peptides also provided evidence for the utilization of
different sorting machinery and carrier vesicles for subclasses of
PM proteins transported from the ER and the Golgi complex [68],
presumably reﬂecting the function of variants in the ER exiting
machinery [70].
4. Clathrin-mediated basolateral exocytosis
The similarity of basolateral sorting signals and endocytic mo-
tifs of receptors internalized by clathrin-mediated endocytosis
has long suggested that clathrin might be involved in basolateral
trafﬁcking but only recently the participation of clathrin has
been conclusively demonstrated. Clathrin-coated buds containing
c-adaptin had been observed both on the TGN [71] and endosomal
membranes of non-polarized cells [72] and in deep endosomes of
polarized MDCK cells containing TfR and pIgA cargoes [73]. These
endosomal clathrin-coated domains were suspected of participat-
ing in polarized recycling as BFA treatment dispersed c-adaptin
staining and abrogated the basolateral recycling of TfR [73]. Early
cell fractionation studies in non-polarized cells detected newly
synthesized VSVG in clathrin-coated vesicles while en route to
the PM [74] but a requirement of clathrin for such transport was
not demonstrated. In MDCK cells, clathrin-coated buds containing
newly synthesized VSVG were observed near the Golgi by immuno
gold EM [75]. Until recently the only well accepted role of clathrin-
coated vesicles in exocytosis was in the transport of lysosomal
hydrolases by M6PR at the level of the TGN [21]. More recent
experiments in non-polarized cells revealed that knock-down of
AP1A and of the clathrin adaptor EGFR pathway substrate clone
15 (Eps15), both colocalizing at the TGN, interferes with post-Fig. 2. Clathrin plays a key role in basolateral trafﬁcking. Knock-down experiments dem
domain-selective biotinylation (B) show that PM proteins representing most known baso
Na,K-ATPase is an exception and apical proteins are not affected. Numbers in B repres
Recycling (i) and biosynthetic (ii) assays for TfR show that both routes are disrupted byTGN transport of M6PR to endosomes and VSVG protein to the
PM [76]. A role of clathrin in the recycling pathway on non-polarized
cells is supported by recent in vitro reconstitution assays [77] and
RNAi silencing [78]. However, acute functional inactivation of
clathrin by crosslinking did not inhibit recycling of TfR in CHO cells
[79].
Only recently dedicated functional experiments provided the
ﬁrst direct evidence that clathrin is required for basolateral PM
protein sorting [80] (Fig. 2). Knock-down of clathrin heavy chain
in MDCK cells caused loss of basolateral polarity due to a speciﬁc
defect in the transport and sorting, both in the biosynthetic and
recycling routes, mostly affecting the polarity of LDLR and TfR that
depend on both pathways. Strikingly, the number of affected pro-
teins covered a broad range of basolateral signals, including TfR
(tyrosine-independent signal [81]; VSVG (tyrosine signal [56]);
E-cadherin (dileucine motif [82]); NCAM (tyrosine-independent
signal [62]) and CD147 (single leucine plus acidic cluster signal [61]).
Clathrin-dependent sorting involves a variety of adaptors, the
best known of which are the AP adaptors, heterotetrameric com-
plexes that recognize cargo and mediate vesicle formation at dif-
ferent locations along the exocytic and endocytic routes [83,84].
AP-2 (a, b2, l2, r2) mediates endocytosis from the plasma mem-
brane, while AP-1 (c, b1, l1, r1), AP-3 (d, b3, l3, r3) and AP-4 (e,
b4, l4, r4) mediate sorting at the TGN and/or endosomes. To date,
the only clathrin-associated AP adaptor shown to be involved in
basolateral sorting is AP1B, a variant of the AP1 expressed by some
epithelial cells [85,86]. AP4, which lacks a clathrin-binding domain,
has also been proposed as a basolateral sorting adaptor [87], but its
role remains relatively obscure.
AP1B differs from the ubiquitous adaptor AP1A only in the pos-
session of a different medium chain, l1B, 79% identical to l1A [85].
l1B is expressed broadly by epithelial tissues and by a number of
epithelial cell lines including MDCK, Caco-2, HT-29, Hec-1-A, and
RL-95-2 cells. Interestingly, early studies showed that LLC-PK1
cells express apically a subset of PM proteins that are sorted baso-
laterally in MDCK cells [88]. LLC-PK1 cells lack AP1B [85] but when
transfected with l1B they assemble AP1B and redirected those PM
proteins to the basolateral membrane, resulting in an ‘‘MDCK-like”
phenotype [86,89]. Conversely, a more recent study has shown that
transient or permanent knock-down of l1B in MDCK cells results
in apical expression of a subset of PM proteins, e.g. LDLR, TfR,
VSV G protein, that are normally basolateral in MDCK cells. AP1B(i) (ii)
onstrate a key role of clathrin in basolateral polarity. Confocal microscopy (A) and
lateral sorting signals (Table 1) are depolarized upon clathrin depletion with siRNA.
ent the percent of each protein distributed apically (Ap) or basolaterally (Bl). (C)
clathrin depletion (see Deborde et al. [80] for details).
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absent in hepatocytes [90] and retinal pigment epithelium (RPE)
[91]. One consequence of RPE cells’ lack of l1B is that they express
at their apical membrane the Coxsackie-Adenovirus Receptor
(CAR), normally concentrated at the lateral PM and at Tight Junc-
tions; this explains the normally very low adenovirus infectivity
of many epithelia and the very high susceptibility of RPE to infec-
tion by these viruses [91]. Future studies are likely to ﬁnd that vari-
ations in the expression of this adaptor in different epithelia may
be at the core of important aspects of their physiological diversity.
5. The site of function of AP1B deﬁnes a particular trans-
endosomal route
The site of function of AP1B was not as clearly apparent in the
early studies and indeed it was initially proposed that AP1B
worked at the TGN [86]. Non-overlapping distributions of AP1A
and AP1B in MDCK cells, assessed by transfection with HA-tagged
l1A and l1B were interpreted as localization to different TGN sub-
domains [75,92]. However, targeting studies in LLC-PK1 cells dem-
onstrated that these cells (which lack AP1B) target newly
synthesized LDLR correctly to the basolateral membrane but mis-
sort LDLR and TfR during post-endocytic recycling [89]. This study
also reported that HA-l1B transfected into LLC-PK1 cells colocal-
izes better with Tf-loaded RE rather than with TGN markers, sug-
gesting that AP1B sorts basolateral proteins preferentially in the
recycling route due to its localization at RE. Subsequent experi-
ments conﬁrmed this notion and provided evidence that AP1B re-
cruits to RE two subunits of the exocyst complex (Sec8 and Exo70)
[92], previously shown to participate in basolateral delivery [93].
An interesting turn in this story was provided by experiments
showing that VSVG traveled through Tf-loaded endosomes after
exiting the TGN [28], suggesting that AP1B might also sort newly
synthesized basolateral proteins that use the trans-endosomal
route. However, because the imaging and endosomal ablation as-
says were not totally conclusive (as discussed above), the physio-
logical importance of the trans-endosomal route remained unclear.
These uncertainties were addressed by AP1B knock-down
studies in MDCK cells [34] (Fig. 3) and experiments with AP1B
function-blocking antibodies in FRT cells [31] (Fig. 4). Cell fraction-
ation experiments in wild type MDCK cells showed that l1B
sedimented with CRE markers but not with TGN markers and
that l1B-silenced MDCK cells missorted VSVG and TfR apically in
the biosynthetic route, demonstrating that correct biosynthetic
delivery of these two PM proteins was AP1B-dependent [34]
(Fig. 3A–C). Interestingly, whereas biosynthetic delivery of VSVG
was AP1B-dependent at all stages of MDCK cell polarization
(Fig. 3B, iv), that of TfR was AP1B-dependent only in recently polar-
ized cells (1–3 days of conﬂuency), but not after 4.5 days in culture
(Fig. 3B; i and ii), demonstrating that polarized MDCK cells devel-
oped an efﬁcient AP1B-independent mode of delivery for TfR. The
clathrin adaptor involved in this AP1B-independent route, which
is also clathrin-dependent [80], is still unknown.
Complementary studies using a function-blocking antibody that
decorated l1B by immunoﬂuorescence in FRT cells further rein-
forced these conclusions [31]. These studies showed for the ﬁrst
time that endogenous AP1B predominantly localizes to TfR-contain-
ing perinuclear CRE (Fig. 4A). Furthermore, pulse-chase live imag-
ing experiments using cDNAs encoding three basolateral proteins
coupled to GFP, performed in recently polarized FRT cells (1 day
after reaching conﬂuency), that employed a 20 C block to synchro-
nize post-TGN trafﬁc [42,43], demonstrated that AP1B-containing
perinuclear CRE, closely adjacent to the TGN, were an obligate sta-
tion for newly synthesized VSVG and TfR but not for LDLR. Co-
microinjection of anti-l1B antibodies blocked biosynthetic trafﬁcand post-endocytic recycling trafﬁc of AP1B-dependent cargo at
the CRE (Fig. 4B). Quantitative analysis of the movement of GFP-
tagged PM proteins between TGN (assessed by TGN38 staining)
and CRE (assessed as l1B immunoreactivity) demonstrated that
antibody addition did not block exit of any of these proteins from
the TGN. Rather, it promoted accumulation of 80% of GFP-VSVG
and GFP-TfR at CRE within 5 min after exiting the TGN; the anti-
body also blocked LDLR exit from CRE but only 60 min after the
protein was released from the TGN, delivered to the cell surface
and reinternalized into CRE by endocytosis (Fig. 2C). Because the
AP1B antibody blocked none of the AP1B cargos, these experiments
deﬁnitively demonstrated that AP1B works at CRE, not at the TGN.
Early studies on the sorting of LDLR and pIgR suggested that
these PM proteins might use similar sorting signals at TGN and
endosomes during biosynthetic delivery and post-endocytic recy-
cling to the PM [94,95], while TfR seemed to use different motifs
in these two routes [81]. The possibility that the use of similar sort-
ing signals in both pathways might be attributed to a common
sorting compartment only became apparent when evidence for
the trans-endosomal pathway became available, and therefore it
is relatively recent.
The experiments by Gravotta et al. [34] and by Cancino et al.
[31] constitute the strongest and most deﬁnitive evidence for the
basolateral sorting role of AP1B at CRE and for the physiological
relevance of the trans-endosomal route to the PM. They demon-
strated that: (i) AP1B sorts basolateral proteins in CRE in both bio-
synthetic and recycling routes; (ii) different PM proteins have
different ability to transit through RE in their biosynthetic routes;
(iii) trans-endosomal trafﬁc is not a detour pathway but a major
route, reﬂecting an important cooperative sorting role of the TGN
and CRE; (iv) MDCK develop an AP1B-independent route to the
basolateral PM, likely a direct route from the TGN, as they become
fully polarized. The experiments also suggest hypotheses that need
to be tested by further experimental work, e.g. (i) some AP1B-
dependent cargo, such as LDLR, use the same sorting signals at
the TGN and RE, as suggested by early trafﬁcking experiments
[94] but different adaptors at each location; (ii) other AP1B cargo,
e.g. TfR [81], use different motifs and different adaptors at each
location; (iii) both classes of proteins rely on AP1B, once they have
reached CRE, to be sorted towards the basolateral route [31].
6. Future directions
The advances in our knowledge of basolateral trafﬁcking have
been considerable but many open questions remain.
The functional and structural relationships between the two
major sorting compartments need to be reassessed. TGN and CRE
are very close and tightly interact with each other, as recently illus-
trated in FRT cells [31] but available data do not inform on whether
transport between both compartments involves vesicles, tubular
connections or maturation of TGN into CRE, all mechanisms sug-
gested for intra-Golgi transport [96,97]. It is not even known
whether transport between the TGN and CRE is sorting signal-
mediated. Solving these questions will require a variety of ap-
proaches such as high resolution live imaging in 3D, correlative
light-electron microscopy [98] and tomography [96,97], and com-
petition experiments with basolateral signal peptides [67,68].
Although there is clear evidence for the passage of basolateral
proteins through the CRE, there is only scant evidence for the pas-
sage of apical PM proteins through this compartment. The single
most clear example is a mutant VSVG protein lacking its basolat-
eral signal [28,99]; recent evidence suggests the passage of the en-
zymes sucrase-isomaltase and lactase-phlorizin hydrolases
through a compartment containing Rab8 [33], which previous
work has localized to CRE [17,100]. Apical pathways emerging
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Fig. 3. AP1B functions in both biosynthetic and recycling routes of some basolateral PM proteins. Targeting assays in cells lacking AP1B reveal that both basolateral
biosynthetic and recycling pathways may require intact AP1B function. (A) Early work in LLC-PK1 cells, which lack AP1B, showed that newly synthesized LDLR was correctly
targeted to the basolateral membrane, but relocalized to the apical surface with time, as shown by (i) confocal microscopy and (ii) biotin targeting assays. By contrast, newly
synthesized LDLR is targeted basolaterally in MDCK cells and stays basolaterally with time. These experiments suggested that AP1B sorted LDLR in the recycling route (see
Gan et al. [89] for details). (B) An MDCK cell line was generated in which the medium subunit of AP1B (l1B) was knocked-down. (i) These l1B-KD MDCK cells fail to sort
human TfR, expressed via adenovirus vectors, in the biosynthetic route when they are conﬂuent for just one day. (ii) However, biosynthetic trafﬁcking of TfR becomes largely
AP1B-independent in MDCK cells conﬂuent for four days. (iii) Basolateral recycling of TfR is disrupted by AP1B knock-down in MDCK cells conﬂuent for 4 days, indicating that
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mis-sorting of basolateral mutants [34,89]. Indeed, many apical
proteins may move to the apical surface through other endosomal
compartments, e.g. ARE and ASE, as shown by endosomal ablation
experiments [29]. These proteins would therefore have their major
sorting site at the TGN.
Careful ultrastructural and live imaging work is needed to
determine how basolateral PM proteins reaching the CRE from
the PM mix with basolateral cargo arriving from the TGN. Further-
more, although clathrin has now been shown to be crucially in-
volved in basolateral trafﬁcking, the structural details of its
participation are currently unknown. Ultrastructural and live
imaging analyzes are required to determine whether conventional
coated vesicles or some other form of clathrin-mediated transport
is used by basolateral proteins leaving the TGN and CRE. This isparticularly important because there are reports that show the
basolateral protein VSVG leaving the perinuclear area in tubular
transporters in non-polarized cells [38,39]. A controversial report
[101] showed VSVG-RFP leaving the perinuclear region of MDCK
cells in tubular elements that also contained apical cargo, GFP-
GPI, and suggested, based on domain-selective transport inhibition
by the mild ﬁxative tannic acid and PI-PLC treatment, that apical
transport of GPI-anchored proteins occurred through a transcytotic
route. However, subsequent work using more conventional biotin-
ylation and live imaging approaches [102,103] appeared to support
the original ﬁnding that GPI-anchored proteins are delivered vecto-
rially from the Golgi complex to the apical domain [104]. This bib-
liography should be reassessed taking into account the current
evidence for the close proximity of TGN and CRE and their cooper-
ation in apical-basolateral sorting. Under the new paradigm,
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lateral membrane are predicted to emerge from CRE rather than
the TGN.
The number of basolateral signals has been growing and the
function of many, but not all of them, is dependent on clathrin
[80]. What mechanismsmediate basolateral trafﬁcking of the latter
group, which includes Na,K ATPase? One possibility might be anky-
rin G, recently reported to participate in post-Golgi transport to the
basolateral membrane [105]. Among the basolateral proteins that
use clathrin-dependent exocytic mechanisms, only a subset ofthem have basolateral signals that require AP1B (Table 1) [80].
Hence, clathrin adaptors other than AP1B must be involved in
basolateral sorting, even recognizing the same motifs. This is par-
ticularly true in cell types such as hepatocytes and RPE, which lack
AP1B [90,91]. Neurons, which also lack AP1B, segregate LRP1 to the
somatodendritic region by decoding tyrosine-based motifs that in
MDCK and FRT cells direct AP1B-dependent basolateral sorting
[19]. Yeast two hybrid interactions have been detected between
some basolateral signals and AP3 or AP4 [106] and some functional
evidence suggest a role of AP4 in basolateral sorting [87] and AP3
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work is necessary to clarify the role of these adaptors in biosyn-
thetic and recycling routes for different classes of basolateral pro-
teins. Other adaptors and accessory proteins might be also
involved considering the variety of basolateral pathways and sort-
ing mechanisms reported. Diverging pathways from the TGN to the
basolateral PM include those of VSVG, EGFR, TfR, LDLR and Na/
KATPase [31,34,68,69]. Basolateral sorting of TGF-a is independent
of AP1B but requires Naked2 as a basolateral adaptor [108,109].
Unlike other basolateral proteins, E-cadherin appears to utilize a
non-conventional recycling route to the basolateral membrane
that include passage through both Tf positive RE and Rab11 posi-
tive ARE [30,32]. E-cadherin has a dileucine motif and was initially
believed to trafﬁc independently of AP1B [82], but more recently
was found to interact indirectly with l1B through type Ic phospha-
tidylinositol phosphate kinase (PIPKIc) that contains a YxxUmotif,
involving AP1B in its basolateral recycling [110].
Many questions remain on how exactly AP1B recognizes baso-
lateral signals. Yeast 2 hybrid assays have shown that VSVG’s tyro-
sine-containing basolateral signal interacts with AP1B [106], but
they have provided no clear answer yet to whether other ‘‘AP1B-
dependent” signals, such as the tyrosine motif of LDLR (distal sig-
nal), and the tyrosine-independent motif of TfR (Table 1), interact
directly or indirectly (e.g. via a piggy-back mechanism) with
AP1B. Thus, tyrosine motifs are not all equal. This is shown by
experiments with a mutant form of l1B, M-l1B, which lacks cer-
tain residues in the pocket responsible for recognition of tyrosine
motifs. M-l1B can rescue basolateral sorting in LLC-PK1 cells of
only a subset of proteins, such as AGPR-H1 and Lamp-1 [111],
but not VSVG [106], suggesting that the ﬁrst two proteins interact
with a binding site in AP1B different from the conserved pocket
that interacts with tyrosine motifs in all AP adaptors [84,112].
Careful analysis of the interaction of basolateral signals and AP
adaptors by yeast two hybrid and yeast three hybrid assays, in
combination with carefully executed targeting assays, are neces-
sary to elucidate the precise mechanisms of basolateral sorting-
mediated by each signal and AP adaptor.
Another important question is why AP1B performs important
sorting functions that cannot be replaced by AP1A, even when they
differ in just a few residues of the medium (l1) subunit. While
AP1A is reportedly recruited to TGN and endosomal compartments,
AP1B, as discussed above, appears to be recruited exclusively to
endosomal compartments, particularly CRE. Currently, there is no
information on how AP1B is recruited to CRE. Different AP proteins
to different subcellular compartments can bemediated by different
phosphatidylinositols [113]. AP1A’smembrane recruitment ismed-
iated by interactions with cargo signals, not yet characterized, with
activated ARF-1 and phosphatidylinositol 4 phosphate (PtdIns4P),
enriched in TGN membranes [114–116]. AP1B is released from RE
to the cytosol by BFA treatment and membrane-permeant basolat-
eral sorting signal peptides of LDLR and VSVG, suggesting that
ARF-1 and cargo interactions are involved in its recruitment to
CRE ([31] and unpublished observations).
A group of open questions remain regarding the roles of several
components of the basolateral trafﬁcking machinery, e.g. small
GTPases, exocyst, and myosin’s in AP1B-dependent and AP1B-inde-
pendent routes to the basolateral PM. Rab8 [17,100], Rab10 [117]
and Rab13 [99] are emerging as candidates to regulate these
routes. Activated Rab8 caused mis-sorting of newly synthesized
VSVG and LDLR to the apical domain and disrupted the perinuclear
localization of AP1B [100] but did not alter recycling of TfR [17].
Furthermore, immunogold EM localized Rab8 more extensively
to Tfn-containing recycling endosomes (RE) rather than to the
TGN [100]. Rab8 seems thus to regulate basolateral delivery of
AP1B-dependent cargo such as VSVG and LDLR [100] at the level
of the biosynthetic route but not the recycling route [17]. Giventhat LDLR does not traverse AP1B/RE in its biosynthetic delivery,
Rab8 might be required for returning to the TGN some crucial ele-
ment of the sorting machinery that recycles between the TGN and
RE [17]. Interference with Rab10 function by expression of domi-
nant mutants inhibits biosynthetic trafﬁc and causes apical mis-
sorting of basolateral cargo such VSVG at early stages of epithelial
polarization, suggesting a possible cooperation of Rab10 and Rab8
[117]. Rab13 partially colocalizes with TGN38 at the TGN and TfR
receptors in RE and its mutants provoke redistribution of TGN38
and selective inhibition of VSVG and LDLR-C27 basolateral trans-
port, without affecting FcR and LDLR-(Y28), suggesting a role in
transport between TGN and RE [99]. All these GTPases likely cover
different stages of the trafﬁcking process but the speciﬁc details of
how and where they function remain to be elucidated.
Several other components of the basolateral machinery also
await further analysis. Exocyst components required for basolat-
eral delivery of LDLR [93] might play a role related with AP1B func-
tion in RE, as AP1B promotes their recruitment to CRE [92]. Protein
kinase D (PKD) has been involved in the ﬁssion events that gener-
ate basolateral carriers at the TGN [118]. Dominant-negative PKD
promotes the formation of tubules at the TGN [118] but not at
AP1B/RE [31], thus suggesting that other ﬁssion mediators, such
as dynamin or CtBP3/BARS [119], might operate in RE. MyosinVI,
a unique actin-based motor protein that is apparently recruited
to CRE via Rab8 and optineurin, was also found to be required
for basolateral trafﬁcking of AP1B cargo in MDCK cells, as expres-
sion of dominant negative form caused apical mis-sorting of VSVG
protein [120]. Myosin II was also shown to participate in TGN exit
of basolateral proteins but it is not clear whether it plays a role in
the biosynthetic or recycling route [121]. A role of AP1B in the reg-
ulation of basolateral SNARES is also emerging but, again, it is still
poorly understood. Basolateral SNAREs include the t-SNARE syn-
taxin 4 and the v-SNARE cellubrevin, which is sensitive to cleavage
by tetanus toxin [106]. Cellulobrevin localizes to the basolateral
membrane and to CRE and its cleavage with tetanus toxin pro-
voked scattering of AP1B and apical relocation of some AP1B car-
gos, such as TfR and a truncated version of LDLR lacking the
distal sorting signal (LDLR-CT27) [106]. Unexpectedly, tetanus tox-
in treatment affected the steady state localization of neither VSVG
nor LDLR, even when these proteins are also AP1B cargos.
In summary, the discovery of role for clathrin and clathrin
adaptors in basolateral trafﬁcking has helped understand several
aspects of basolateral protein trafﬁcking but has opened new excit-
ing questions regarding their role in trans-endosomal and direct
routes from the TGN to the basolateral membrane. Improved
methodologies to carry out live imaging of basolateral proteins,
in combination with cell biological and structural techniques to
analyze the interaction of sorting signals with their sorting adapt-
ors are expected to provide answers to these questions.
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